Isotope shifts for various lines associated with excitations of transition-metal impurities in semiconductors are considered. Special attention is paid to ZnO:Cu, for which experimental results are presented. Isotope shifts are measured for the so-called photoluminescence ␣ and ␤ zero-phonon lines associated with excitations of bound excitons, and of the zero-phonon line associated with the intracenter Cu 2ϩ ( 2 T 2 Ϫ 2 E) transition. These shifts appear to be negative and nearly equal. A theoretical model explaining these results is proposed, which incorporates the mode softening mechanism and the covalent swelling of the impurity d electron wave functions. It is shown that, contrary to transitions in simple neutral impurities, this mechanism works both for the excited and ground states of all processes in transition-metal impurities considered here. Using reasonable values of the parameters of the system, we are able to explain both the sign and value of the isotope shifts.
that different local vibration modes are coupled to the ground and excited states of the transition process. However, a really microscopical approach to the problem of the isotope shift, with a proper account of the electronic structure of transition-metal impurities and its influence on the local vibrational modes, still has to be done.
An interesting isotope shift is observed for the neutral intracenter transition Cu 2ϩ ( 2 T 2 Ϫ 2 E) ͑Refs. 7-9͒ in the same system. The isotope shift for this intracenter transition is found to be negative and to have nearly the same value as for the ␣ transitions. The isotope effect for the intracenter Cu 2ϩ ( 2 T 2 Ϫ 2 E) transition could not be explained within the Heine and Henry models. Its negative sign as well as the order of magnitude of the isotope shifts for the ␣ line and for the Cu 2ϩ ( 2 T 2 Ϫ 2 E) transition are still waiting for a proper explanation. Both transitions have the same Cu 2ϩ ( 2 T 2 ) ground state, but different excited states. It is surprising that these excited states should have the same mass dependence, because their electronic character is different.
In order to complement the available experimental data, we perform high-resolution spectroscopy to measure the 63/65 Cu isotope splitting of both transitions at the same crystals. Furthermore, we perform resonant Raman spectroscopy on the ␣,␤, and ␥ transitions to obtain insight into the local vibrational system of the copper impurity. These experimental results will be the starting point for the complete explanation of both isotope effects within the extended Heine and Henry model. The mode softening model stresses the sensitivity of the isotope shift to the structure of the electron wave functions. This paper proposes a microscopic approach to the description of the isotope shift for optical transitions in semiconductors doped by transition-metal impurities by taking into account the contribution of the covalent swelling of the electron impurity wave functions into the mode softening effect. Mode softenings for both the ground and excited states will be of importance. The interplay between them will determine the sign of the isotope shift, which can then easily become negative. This mechanism is applied to the ZnO:Cu system for which experimental data are available. Additional measurements are also carried out. The approach allows us to understand the very close values of the isotope shifts for the ␣ and ␤ transitions, and that for the intracenter transition.
II. EXPERIMENTAL RESULTS
The samples used for the measurements are high-quality rods of ZnO grown in the laboratories of Professor X. Heiland. The crystals contain copper as an unintentional dopant, and the impurity concentration varies between 10 and 250 ppm. The samples were immersed in liquid helium. Light from the crystal was decomposed by a 0.8-m double monochromator ͑Spex͒ and recorded with a Bialkali photomultiplier in the visible or a Ge-detector in the near infrared spectral region. Photoluminescence was excited with the UV lines of an Ar ϩ or HeCd laser. A dye laser pumped by an excimer laser served as a high-resolution tunable light source for the PLE experiments.
High-resolution spectroscopy in the PLE of the green emission shows an isotope effect for the ␣ as well as ␤ zero-phonon lines, while for the ␥ zero-phonon line no isotope shift is observed ͑see Fig. 1͒ . The 63/65 Cu isotope shift of about 150Ϯ10 eV is observed for the ␣ and ␤ ZPL's ͑Fig. 1͒. The negative sign of the isotope shift indicates that the lighter isotope has a larger ZPL-energy. The FWHM ͑full width at half maximum͒ is 60 eV for both isotope lines for each transition in high-quality ZnO crystals.
The FWHM for the ␥-ZPL is very large, 670 eV, and no isotope shift can be measured. This large FWHM can be explained by the fast nonradiative relaxation within the intermediately bound exciton states. The probability for such nonradiative decay depends on the phonon density of states and the number of phonons needed for the multiphonon relaxation. As the phonon density of states goes to zero with decreasing energies ͑acoustic branch͒, the nonradiative transition probability is much larger for the ␥-␣ transition compared to the ␤-␣ transition, because of the larger energy difference between ␥ and ␣ compared to the ␤-␣ transition. 10 For the intracenter Cu 2ϩ ( 2 EϪ 2 T 2 ) transition two ZPL's are observed in absorption, 8, 9 and they are attributed to the ⌫ 4 ( 2 T 2 )Ϫ⌫ 5,6 ( 2 E) and the ⌫ 4 ( 2 T 2 )Ϫ⌫ 4 ( 2 E) transitions. A highly resolved transmission spectrum of the low-energy ZPL is shown in Fig. 2 
III. MODE SOFTENING FOR TRANSITION-METAL IMPURITIES
If the ZPL energy E ZPL (M ) of an optical transition depends on the impurity mass which can be changed by substituting another isotope, then the isotope shift for this line is just the difference
of two such energies.
The isotope shift ͑1͒ will be treated here by using a model based on a softening of the zero-point energy of the local mode proposed in Ref. 1 . This softening is caused by an excess electron or hole density in the nearest vicinity of the impurity atom which reduces the force constant ⌳ for the bonds between the impurity and its nearest neighbors to the value ⌳Јϭ⌳͓1Ϫ␥ c P(c)͔. Here ␥ c is a material constant which can be determined independently,
is the proportion of the carrier density to be found between the impurity and its neighbors, and ⌿ c (r) is the electron (cϭe) or hole (cϭh) wave function. The radii R 1 and R 2 in the integral roughly define the corresponding volume. The local mode frequency is determined by the equation
where M is the corresponding effective mass. Assuming that the change of the impurity isotope mass by ⌬M causes the same change of the effective mass, the frequency changes by the value
This sort of a change of the frequency occurs both in the electronically ground and electronically excited states involved in the optical transition. As a result, a change of the ZPL energy occurs and, according to Eq. ͑1͒, the isotope shift of the optical line is the difference between the shifts of the zero-point vibration energies in the electronically ground and excited states,
where n is the degeneracy of the local vibration mode. d electrons of the transition-metal impurities may hybridize with the p states of the valence bands ͑see, e.g., Refs. 11-15͒ and form deep levels in the forbidden energy gap of the semiconductor. As a result, the wave function of the trapped electron is a superposition of a strongly localized atomic ''core'' and an essentially more extended ''Bloch tail.'' These properties also play an important role in the isotope shift studied in this paper. In particular, the frequency change becomes important not only in the excited state ͑as it takes place in the simple isoelectronic impurities͒, but in the ground state as well.
A. Intracenter transitions
The ninth electron energy of a neutral Cu 2ϩ (d 9 ) impurity in a 2 T 2 or 2 E state corresponds to lines lying close to the conduction band, and therefore the corresponding wave functions are hybridized with the conduction-band s states. The hybridization between the d and s states is allowed in hexagonal crystals 16, 17 when the corresponding matrix element V ⌫c (k) is not zero at k→0. Therefore, the ninth electron wave functions can be approximately written as a bonding combination of the atomic d-function d⌫ where k ⌫ 2 ϭ(2m*⌬ ⌫ /ប 2 ) and ⌬ ⌫ ϭE i⌫ ϪE 0c , and E 0c is the bottom of the conduction band.
Then, using Eq. ͑3͒, the isotope shift for the intracenter transition reads
Equation ͑6͒ yields the probability of finding the impurity d electron in the first coordination sphere
and its change in the course of the intracenter transition is
The following values of the parameters are used: m e *Ϸ0.4m 0 , 18 ,h) is a product of the wave functions of the tenth d electron of the Cu impurity and that of the loosely bound hole. The tenth electron wave function in ZnO:Cu i⌫ 4 (10) can be represented as a bonding combination of type ͑4͒, with the only difference that the electron energy E ⌫ is now that of the tenth ͑0.19 eV͒ electron in the ground state, rather than 0.94 eV of the ninth. The hole wave function
is formed by the normalized pseudo-wave-function bi and the core part d␥ 4 (Cu) of the Cu ( d   10   ) states, where
Now the isotope shift for the ␣ and ␤ transitions in ZnO:Cu is calculated. The ground state for both these transitions coincide with that of the intracenter transition discussed in Sec. III A. Therefore, the corresponding contribution to the isotope shift is just the second term on the righthand side of Eq. ͑8͒. An exciton is bound to the impurity in the excited state, which causes the change of the electron density in the first coordination sphere. The exciton electron increases the density, whereas the hole decreases it. The resulting contribution to the isotope shift reads ␥ e P exc ϭ␥ e ͓ P e ͑ ␥͒Ϫ P h ͑ ␥͔͒, ͑10͒
where the electron value ␥ e of this material constant is chosen, since the electron contribution to the density in the first coordination sphere is larger than that of the hole. Using Eq. ͑4͒ ͑with the changed energy͒ for the electron wave function, and Eq. ͑9͒ for the hole wave function, one arrives at Ј ӷ1 ͑see, e.g., Refs. 16 and 17͒ for the electron energy lying close to the bottom of the conduction band means that the excess electron density is really larger than that of the hole, as was assumed above. Therefore, one obtains the change P exc ϭ0.0368 of the carrier density in the first coordination sphere, due to the bound exciton, and finally arrives at the change
of the excess electron density in the course of the ␣ and ␤ transitions.
C. Comparison of the results for the intracenter transition and the bound exciton excitations
It was experimentally found that the isotope shifts in the two above cases, the intracenter transition and excitation of a bound exciton, are rather close to each other ͑see Sec. II͒. The same value of ⌬ P intra ͓Eq. ͑8͔͒ is obtained for the hy-bridization parameter M c 2 E Ј Ϸ0.2, which is a reasonably small value for the ⌫ 5,6 ( 2 E) state whose hybridization with the conduction-band states is symmetry forbidden. Hence Eq. ͑8͒ becomes
Using the above value of the parameter M c 2 E Ј , Eqs. ͑11͒ and ͑12͒ produce negative and equal values of the electron density differences ⌬ P ex and ⌬ P intra . The correct value of the isotope shift ␦ ͓Eq. ͑3͔͒ is obtained by using the coefficient ␥ e ϭ2.7 measured in Ref. 4 .
The local phonon mode T 2 , in which the Cu atom takes part, is assumed to be responsible for the electron-phonon interaction. Due to the C 3v symmetry of the center, this vibration mode splits into A 1 
IV. SUMMARY
A mechanism is proposed, according to which the covalent swelling of the electron wave functions in transitionmetal impurities, combined with the mode softening mechanism, makes it possible to understand the sign and value of the isotope shift for various optical lines. A d-electron wave function consists of a d-type ''core'' and a ''Bloch tail'' constructed from the band states. The latter is responsible for the mode softening, which gives rise to a sensitivity of the isotope shift to the hybridization properties both in neutral and charged impurity states.
Contrary to mode softening in simple impurities, which takes place only in the ground state of the system, mode softening in both ground and excited states of transitionmetal impurities must be properly accounted for. The effect depends strongly on the covalency factor M a⌫ Ј , whose value is a function of the position of the d levels in the energy gap and of the symmetry of the system. This model is applied for an interpretation of the experimental data reported here for ZnO:Cu. These data give better-resolved ␣-line PLE spectra. The isotope shift for the ␤ line and its absence for the ␥ line is reported for the first time, to our knowledge.
Our model allows one to understand the isotope shift for both intracenter and charge-transfer transitions in transitionmetal impurities. By using the proper wave functions of the neutral Cu 2ϩ (d 9 ) ion and the ͓Cu ϩ (d 9 ϩe),h͔ excited state, close values and signs of the isotope shifts for both the intracenter transition and for ␣ and ␤ ZPL's are explained.
